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Medical ultrasound imaging 
 
Stephen Hughes 
 
Queensland University of Technology, Australia 
Abstract  
Ultrasound is used extensively in the field of medical imaging. In this paper, the basic principles of 
ultrasound are explained using ‘everyday’ physics. Topics include the generation of ultrasound, 
basic interactions with material and the measurement of blood flow using the Doppler effect.
 
Introduction  
Ultrasonic imaging is the second most popular imaging modality in medicine (the first being 
x-rays). It is estimated that over 25% of all medical imaging procedures involve ultrasound. 
Ultrasonic imaging complements the other major imaging modalities, i.e. x-rays and magnetic 
resonance (MR) imaging etc.  
 
Ultrasonic imaging is used extensively in obstetrics (figure 1(a)). For example, the size and weight 
of a baby can be estimated by measuring the diameter of the head, abdominal circumference and 
femur length on an ultrasound image. If the time since conception is known, then the projected 
weight of the baby at birth can be estimated. Two-dimensional (2D) ultrasound images such as the 
type shown in figure 1(a) can be combined together to produce three-dimensional (3D) images of a 
fetal face (figure 1(b)). Studies have shown that congenital abnormalities are easier to detect using 
3D images than 2D images. Ultrasound is also used extensively to image the heart and to measure 
blood flow in arteries and veins (to detect blockages, for example).  
 
Ultrasound, as the name implies, is sound that is so high pitched that it is beyond the range of 
human hearing. Sound is considered to be ultrasonic if the frequency is above 20 kHz. (NB: Sound 
of a frequency below the lower frequency threshold of human hearing, ∼ 20 Hz, is known as 
infrasound.) Some animals, e.g. bats and dolphins, use ultrasound to locate objects. Bats emit 
sound at a frequency of about 25 kHz, and dolphins around 125 kHz. If you lived near some bats 
when you were a child, you could probably hear them. Adults cannot hear bats as the frequency 
range of human hearing gradually reduces with age from a peak in childhood of about 25 kHz.  
 
Ultrasound as a medical imaging modality was developed in the 1950s and is really an application 
of SONAR (Sound Navigation and Ranging) to imaging the human body. If we think for a moment 
how SONAR works, we will understand the basic principles of the production of ultrasound 
images. In SONAR, a pulse of sound (a high pitched ping) is sent out into the ocean. If the sound 
hits a solid object, e.g. the hull of a submarine, the sound is reflected back and is picked up by an 
underwater microphone called a hydrophone.  
 
As the name SONAR implies, an object is located by knowing the direction and distance of the 
echoes. A blob of light is plotted on a display unit, indicating the presence of an object at a certain 
direction and range. The range of a structure causing the echo is calculated from the product of the 
time delay between the emitted and return pulses and the velocity of sound in sea water (∼ 1510 m 
s
-1
). The result needs to be divided by a factor of 2 since the sound has travelled out to the reflecting 
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structure and back again. For example, if an echo returns after 2 s the range of the reflecting object 
is ∼ 1.5 km.  
 
Medical ultrasonic imaging is basically a scaled down version of SONAR in the ocean, although, 
of course, there are important differences. One difference is that SONAR is in the audible range of 
frequencies—in fact, if you happen to be swimming underwater within a few km of a ship using 
SONAR it is possible to hear the pings. 
 
 
 
(a)                                                  (b) 
 
Figure 1. (a) Ultrasound image of a fetal face. (b) 3D rendering of a fetal face. (Both images courtesy of Acuson)  
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Figure 2. Principles of ultrasound production.  
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Ultrasound emitted from a medical transducer is of much higher frequency—typically in the range 
3–7 MHz. The reason for using a much higher frequency than audible sound is to obtain 
high-resolution images.
 
How is ultrasound generated?  
There are a number of ways of generating ultrasound. As can be imagined, bats and dolphins do it 
differently from an ultrasound machine! In this article we will just deal with medical ultrasound 
machines. A piece of piezoelectric material is used to generate an ultrasound pulse and receive 
echoes (figure 2). A commonly used medical transducer material is a ceramic, lead zirconate 
titanate (PZT). Polyvinylidine difluroide (PVDF), a polymer, is another piezoelectric material 
commonly used in the construction of hydrophones.  
 
Piezoelectric material contains dipoles, which are all oriented in the same direction. A thin metal 
film is deposited on two opposing parallel faces. Compression of the material changes the 
orientation of the dipoles, making one side of the material more positive than the other. Expansion 
of the piezoelectric ceramic results in an electric field of reverse polarity. Therefore the material 
will act as a receiver and produce an alternating voltage when subjected to an acoustic pressure 
wave. 
 
Conversely, application of an electric field across the material results in either compression or 
expansion, depending on the field polarity. There are two basic ways of inducing piezoelectric 
material to vibrate. One way is to apply a sinusoidal electric field across the material. Another way 
is to apply a sharp electrical spike across the material. This causes the material to vibrate at the 
resonant frequency of the slab. This is analogous to hitting a bell with a hammer—the bell will ring 
at a certain frequency—the smaller the bell the higher the frequency and vice versa. In the case of 
a piezoelectric slab the resonant frequency is determined by the thickness of the slab being equal to 
one half of the wavelength of the sound within the piezoelectric material.  
 
For example, suppose that we want to build a transducer that emits ultrasound at 5 MHz. How 
thick should the PZT be? The speed of sound in PZT is about 4000 m s
-1
, therefore the wavelength 
of 5 MHz ultrasound will be  
.  
 
  
 
 
 
     
     
              
 
 
Therefore we need a sliver of PZT 0.4 mm thick.  
 
Returning echoes cause the PZT to vibrate, which induces a varying voltage across the PZT. Due 
to multiple reflections and continuous attenuation, the amplitude of the deepest echoes is very 
small compared with the initial pulse. 
 
How is an image formed?  
The simplest way to produce an ultrasound image is to rock a one-dimensional A-scan transducer 
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(as shown in figure 2) back and forth. This is what we might call the ‘lighthouse’ analogy to 
ultrasonic image formation. By knowing the direction and distance of each returning echo we can 
build up an image. Most scanners today have a transducer composed of a linear or curvilinear array 
of piezoelectric elements. The piezoelectric elements are excited in a certain sequence in order to 
obtain reflections from within an image plane. Many transducers work on the phased array 
principle.  
 
advancing wavefront
piezo element
 
Figure 3. The phased array principle.  
 
 
A phased array transducer has a much smaller transmission ‘footprint’, enabling images to be 
obtained through a restricted window, for example between the ribs in order to image the heart. 
The principle is shown in figure 3. Imagine that we had a device for dropping stones into a pond. 
Suppose that we could adjust the precise time that each stone dropped into the water. If we were to 
drop a single stone into the water the ripples would spread out in a circular fashion. If all the stones 
were dropped at once in a line, the ripples from each stone would spread out in a circular pattern, 
but all the wave fronts would combine together to produce a straight wave front. This is known as 
Huygens’ principle. As we move further away from the stones, the combined wave front becomes 
straighter.  
 
Now suppose that we arrange for one of the end stones to drop first, followed by the stone next to 
it, and so on up to the opposite end. What would happen then? The ripples would combine to form 
a wave front angled away from the normal direction. If the two end stones were dropped together, 
followed by the next stones in, and so on, the wave front would focus inwards, as shown in figure 
3. Suppose that we arrange for the waves to arrive at a rock in the pond at the same time. The 
waves will reflect off the rock and arrive back at the edge of the pond with the same relative time 
delay.  
 
In an ultrasound scanner, the piezoelectric elements are excited in a certain pattern so that the wave 
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fronts arrive simultaneously at a specific point. The same phase delay is applied to the return signal 
to obtain the total reflection from a single point. The phase delay pattern is varied to obtain echoes 
back from points at regular positions within the image plane.  
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Figure 4. Schematic diagram depicting the relation between frequency and axial spatial resolution. 
 
 
Resolution  
As with all imaging modalities, image resolution is directly proportional to the frequency of the 
radiation used. The higher the frequency, the shorter the wavelength, and therefore the higher the 
resolution. Suppose that we have an ultrasound probe capable of producing pulses of two different 
frequencies, ‘high’ and ‘low’ as shown in figure 4. The pulse contains four periods with a 
wavelength λ; for the moment we need not worry about the actual value of λ. At the first interface 
some of the energy is reflected and some is transmitted.  
 
The transmitted ultrasound travels through medium 2 to the second interface where again some 
sound is reflected and some transmitted. The pulse reflected off interface 2 travels back through 
interface 1 and back to the probe. (The return pulse is also reflected back off interface 1, but we 
need not worry about that for the purposes of this discussion.)  
 
If we know the time that it has taken each pulse to return to the probe, we can easily calculate the 
distance travelled by each pulse and draw a dot on a display representing the distance from the 
probe. As we can readily see from the diagram, pulse B has travelled further than pulse A, so on 
our display dot B will be further from the probe than dot A. If the dots are too close together they 
will appear as one dot. In other words, we would be unable to tell that the sound had reflected off 
two interfaces. The question is, for any given ultrasound frequency what is the smallest separation 
of two interfaces that we can resolve?  
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We can work this out by inspecting figure 4. In this figure two pulses of differing frequency reflect 
off a structure of a certain width. If the ‘tail’ of pulse A has not left interface 1 before the ‘head’ of 
pulse B has started passing through interface 1, the two pulses will overlap. On the display, the two 
dots will overlap and we will not be able to tell for sure whether there is one dot or two. On the 
other hand, if the tail of pulse A has left interface 1 as the head of pulse B comes through, the two 
pulses will not overlap and on our display we will have two dots with a bit of space between them.  
 
We can see intuitively that, to avoid pulse overlap, the distance between interface 1 and interface 2 
(x) must be at least half the pulse length. The distance between the centres of the two dots on the 
display will represent the distance between interface 1 and interface 2. Notice that in the bottom 
part of figure 4 the frequency of the signal is higher, therefore the pulse length is shorter for the 
same number of periods. We can now combine what we know into an equation:  
 
 
   
  
 
 
  
  
 
 
 
where x is the separation of interfaces 1 and 2, n is the number of periods in the ultrasound pulse, c 
is the velocity of sound in the medium and f is the frequency of ultrasound. 
  
We can see that we can improve resolution either by reducing the number of periods in a pulse or 
by increasing the frequency. Let us consider an example. Suppose that we have a probe that emits 
ultrasound at a frequency of 5 MHz and has four periods per pulse. The minimum separation that  
 
 
Material  Density  Velocity  Z  Attenuation coefficient  
 (10
3
 kg m
−3
)  (m s
−1
)  (MRayl)  (dB cm
−1
)at1MHz  
Air  0.0012  330  0.0004   1.38  
Water  1   1430  1.43   0.0025  
Soft tissue  1.1   1540  1.69   0.5–1.0  
Liver  1.05   1570  1.65   1.1  
Fat  0.95   1450  1.38   0.6  
Bone  1.91   4080    7.8  10.0  
Aluminium  2.7   6420   17   0.021  
 
we can resolve is  
 
   
  
  
 
          
       
                
 
Reflection  
We are all familiar with echoes. If we are a few tens of metres away from a concrete wall and we 
shout or clap, the echo comes back. If we are between two walls, or in a cave, some interesting 
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effects can be produced! In this case, echoes work because the bulk acoustic properties of air and 
concrete or rock are very different. Conversely, a room full of soft furnishings (carpets and 
curtains etc.) tends to absorb sound. In other words, some sound has been transmitted into the 
curtains rather than being reflected back. It is the bulk properties of a material that are 
important—for example, a sheet of plastic is more reflective than a wad of steel wool. Exactly the 
same physics describes the propagation of ultrasound through the body.  
 
The amount of sound energy transmitted and reflected at each interface is dependent on the 
difference in the acoustic impedance of the media on either side of the interface. The acoustic 
impedance (Z) is defined as the product of the density of the medium (ρ) and the velocity of sound 
(c) in a medium, i.e. Z = ρc. The velocity of sound in a medium is given by the expression  
 
 
  √  ⁄  
 
 
where B, the bulk modulus, is defined as  
 
  
  
   ⁄
 
 
where P = pressure and V = volume. We see from this equation that high-B materials undergo a 
smaller change in volume for a given change in pressure than low-B materials. In other words, 
high-B materials are stiffer than low-B materials. If we substitute the expression for c in terms of B 
and ρ into Z = ρc, we obtain 
  
  √   
 
We can see from this equation that denser, stiffer materials have higher acoustic impedance than 
materials of lower density and stiffness. For example, steel has a much higher acoustic impedance 
than air. The term acoustic impedance is a bit unfortunate in that sound actually travels more 
efficiently in materials of higher acoustic impedance and vice versa—an extreme example being 
outer space, where the acoustic impedance is virtually zero and yet no sound can propagate!  
 
When sound travels through a material with acoustic impedance Z1 and then encounters a material 
of much higher Z, most of the sound is reflected back rather than being transmitted. This is also 
true if Z1 is much lower than Z2. The amount of sound transmitted and reflected depends on the 
degree of mismatch between the acoustic impedances of the two media on either side of the 
interface. Typical values of density, velocity, acoustic impedance and attenuation for various 
materials are shown in table 1.  
 
As an example, suppose we want to transmit sound through the side of the skull. This was actually 
done in the early days of ultrasound to look for brain tumours. Brain tumours have a tendency to 
push the central structure of the brain, the corpus collosum, over to one side. This can be detected 
as an asymmetry in the pattern of reflected ultrasound pulses.  
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Initially, the sound has to pass through the skin and then into the bone. We can calculate the 
intensity of the sound reflected at an interface using the reflection coefficient, R, as follows: 
  
 
  (
     
     
)
 
 (
       
       
)
 
      
 
 
This means that 41% of the sound energy is reflected and 59% transmitted. Sine Zair is so small, we 
can see, without bothering to do the calculation, that sound is more or less completely reflected 
from any interface between the materials in table 1 and air. 
 
Attenuation  
As with most types of radiation, the intensity of ultrasound is attenuated exponentially as it passes 
through a medium, i.e. a constant fraction of the energy is removed per unit length of travel. This is 
true of light passing through a window, or x-rays passing through a sheet of lead.  
 
As ultrasound passes through a medium it is exponentially attenuated according to the equation  
 
     
    
 
where A is the amplitude of the sound wave,  i.e. pressure, A0 is the initial amplitude of the sound 
wave, α is the amplitude attenuation coefficient and x is the distance travelled by the sound wave.  
 
As the sound moves through the medium, some of the energy is scattered and some is absorbed. 
The absorbed energy raises the temperature of the medium. This is the principle behind the 
ultrasound machines used by physiotherapists to improve the healing of muscle injuries. The heat 
improves the circulation in the affected region. Ultrasonic heating is also used in cancer therapy. A 
tumour heated to 43 C, or above, can be treated effectively with a much lower dose of x-rays than 
an unheated tumour.  
 
The amplitude attenuation coefficient is normally expressed in dB cm-1 and is defined as follows:  
 
 
 (       )   (
 
 
)          (
 
  
)           (    ) 
 
 
The intensity attenuation coefficient, µ, is similarly defined as  
 
 (       )   (
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Figure 5. Ultrasound propagating through a layer of fat and liver. 
 
Note that  
 
  (       )    (       ) 
 
 
The attenuation coefficient varies approximately with for water and f 
1.2 
for soft tissue. A general 
rule of thumb is that the attenuation coefficient increases by 1 dB cm-1 MHz-1. So for example, 
over a distance of 10 cm, a 5 MHz signal would be attenuated by 50 dB.  
 
Now that we have dealt with reflection and attenuation, we are in a position to be able to calculate 
the intensity of an ultrasound pulse returning from deep inside the body. Figure 5 shows a 
simplified model (in reality an ultrasound pulse passes through multiple tissue layers). The 
intensity of a returning ultrasound pulse depends on the reflection coefficient at each boundary and 
also the attenuation coefficient of the material between the boundaries. In figure 5 an ultrasound 
pulse passes through the skin, througha5cm fat layer and then througha5cm layer of liver. (To 
simplify matters, we have assumed perfect matching between the transducer and skin.) The sound 
reflects off the far liver–fat interface and travels back to the transducer. We can calculate the 
intensity of the return pulse from the following equation:  
 
 
     
        
        
        
        
    
 (           ) 
 
 
In words, what we have to do is to square all the transmission coefficients (T = 1 − R) and take the 
product. We then multiply this result by the reflection coefficient of the boundary that we are 
interested in. Finally we multiply this result by a combined attenuation factor. If we use the values 
in table 1,    ⁄        
          
 
The Doppler principle is used by the police to catch speeding drivers and also results in a change in 
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pitch when an emergency services vehicle, for example, passes by with the siren blaring. The 
Doppler principle can be used to measure the velocity of blood flow in vessels in the body.  
 
Let us imagine for the moment that we are sitting on a stationary red blood cell (RBC) and that we 
have some experimental tools on board— a pressure gauge, a speedometer and a clock. A 
piezoelectric transducer in the blood vessel is sending sound towards us. As the waves come 
towards us we measure peaks of pressure followed by troughs. By measuring the time between 
successive peaks or troughs and knowing the velocity of ultrasound in blood (1570 ms
-1
) we can 
calculate the wavelength.  
 
Suppose now that we are sitting on a moving RBC. We continue to measure the time between 
successive pressure peaks. However, we now notice that the time between peaks has increased. It 
is now T + T. The reason is that since we are moving away from the source of sound, each pressure 
peak has to ‘catch up’ to the RBC for us to record it. We can in fact measure the catch up distance. 
Since we know the time between successive peaks and we know our velocity, v, we can calculate 
the apparent extra distance the peaks travel—in other words, the apparent increase in wavelength 
λ:  
 
    (    ) 
 
T is the time it takes a peak to travel the distance that a RBC travels in time T . Since the velocity 
of sound in blood (1570 ms
-1
) is very much faster than the velocity of a RBC (< 0.5m s
-1
) we know 
that     . Therefore we can simplify the above equation and write  
 
      
 
Using the fact that  
  
     
 
 
we can write  
 or        ⁄  
 
     
 
    
 
 
 
We now need to manipulate this equation to obtain the change in frequency in terms of the velocity 
of the RBC and the velocity of sound in tissue. If we multiply out the wavelength and frequency 
terms we obtain  
 
 
                  
 
By replacing λ by   ⁄  in the above expression and rearranging we obtain  
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Since we know that the velocity of blood is very much less than the velocity of sound in blood 
(i.e.   ), we can simplify the above equation to  
 
 
  
 
  
 
 
                     
 
 
 
 
The negative sign indicates that the frequency of sound decreases when the RBC is moving away 
from the source and vice versa. The RBC is in effect a moving receiver. However, the ultrasound 
reflects off the RBC and so the RBC in effect becomes a source of ultrasound.  
 
However, since the RBC is a moving source, the wavelength of the emitted sound arriving at the 
detector will also appear to be stretched. It will be stretched by exactly the same amount as the 
sound absorbed by the RBC. So the change in frequency of the sound that has reflected off a RBC 
will be  
 
      
 
 
 
 
We’re not quite over yet! There is one more factor that we need to apply to this equation. The 
above equation assumes that the direction of sound propagation is parallel to the direction of 
motion of the RBC. In practice, for a medical ultrasound scanner with an external probe placed on 
the skin, this will not normally be the case. If the ultrasound beam were to reflect off an RBC 
moving at right angles to the direction of propagation of the ultrasound, there would be no forward 
or backward motion relative to the ultrasound and therefore no Doppler shift. To describe all 
situations we just need a cosine term. So, if θ is the angle between the direction of motion of the 
RBC and ultrasound beam as shown in figure 6, then our final Doppler equation is  
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Figure 6. Schematic diagram of the measurement of blood flow using the Doppler effect. 
 
As an example, suppose that a 5MHz transducer is being used with the direction of sound 
propagation at 60
 
to the central axis of the blood vessel. If blood at the centre of the vessel is 
flowing at 0.5 m s-1this will result in a Doppler shift frequency of  
 
 
            
      
        
                  
 
 
 
By measuring the change in frequency in the reflected wave from the transmitted wave, f , we can 
calculate the velocity of the blood. 
 
The future of ultrasound  
Ultrasound has a bright future. Many developments are underway, many of them proceeding hand 
in hand with advances in computing technology. For example, tissue harmonic imaging (THI) 
enables improved image resolution, producing images of the beating heart of unprecedented 
clarity. THI images of the heart are so clear that it is possible to see the slender fibres that anchor 
the heart valves! Advances in 3D imaging have enabled more accurate diagnosis of congenital 
fetal defects, enabling doctors to decide on the best treatment before a baby is born.  
 
What about the more distant future? Where is it possible for ultrasound to go? Let us let our 
imagination run riot and try and glimpse what is possible in the future. We might imagine a kind of 
mat or carpet that is draped across the patient that generates 3D images in real time. Compared 
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with the ultrasound technology of today such a device would appear to operate by magic! So let us 
call this device a magic carpet (MC).  
 
We pick up the MC—it is a few cm thick and is fairly heavy—this is hardly surprising since the 
MC is a combined ultrasound machine, supercomputer and high resolution 3D display. The MC 
that is draped across the part of the patient to be investigated contains thousands of piezoelectric 
elements. The side of the MC that is placed against the patient is made from a kind of ‘sticky’ 
rubber that excludes air pockets between the MC and the skin so that messy ultrasound gel is not 
required. Moreover the MC is ‘active’ and is able to conform itself to the contours of the patient.  
 
The MC contains numerous position sensors that enable the precise location of each piezoelectric 
element to be known. This is required if the generated image is to be spatially accurate. The 
circuitry to transmit and receive the ultrasound pulses is also embedded within the MC. The MC 
contains a computer, maybe an optical computer or even a quantum computer, which uses highly 
sophisticated algorithms that enable the ultrasound echoes to form the basis of an accurate 3D 
model of the internal structure of the patient.  
 
The upper surface of the MC is a high-resolution colour display. Technology, not yet developed, 
enables the operator to see the inside of the patient in 3D without the aid of special glasses. The 
operator is able to zoom into the image so that it’s as if they are climbing inside the body to have a 
look around. Labels appear suspended in space indicating the blood flow at strategic points in the 
vessel. All of this may seem like pure science fiction, but the MC is in fact a reasonable extrap-
olation from today’s technology. How far into the future will this be? Maybe sooner than we think.  
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